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Abstract.  We simulate electromagnetic ion cyclotron (EMIC) wave growth
and evolution within three regions, the plasmasphere (or plasmaspheric plume),
the plasmapause, and the low density plasmatrough outside the plasmapause.
First we use a ring current simulation with a plasmasphere model to model

the particle populations that give rise to the instability for conditions ob-
served on 9 June, 2001. Then, using two different models for the cold ion com-
position, we do a full scale hybrid code simulation in dipole coordinates of

the EMIC waves on a meridional plane at MLT = 18 and at 1900 UT within

a range of L shell from L = 4.9 to 6.7. EMIC waves were observed during

June 9, 2001 by Geostationary Operational Environmental Satellite (GOES)
spacecraft. While an exact comparison between observed and simulated spec-
tra is not possible here, we do find significant similarities between the two,

at least at one location within the region of largest wave growth. We find that
the plasmapause is not a preferred region for EMIC wave growth, though waves
can grow in that region. The density gradient within the plasmapause does,
however, affect the orientation of wave fronts and wave vector both within

the plasmapause and in adjacent regions. There is a preference for EMIC waves
to be driven in the He+ band (frequencies between the O+ and He+ gyrofre-
quencies) within the plasmasphere, although they can also grow in the plas-
matrough. If present, H+ band waves are more likely to grow in the plas-
matrough. This fact, plus L dependence of the frequency and possible time
evolution toward lower frequency waves can be explained by a simple model.

Large O+ concentration limits the frequency range of or even totally quenches
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EMIC waves. This is more likely to occur in the plasmatrough at solar max-
imum. Such large O+ concentration significantly affects the H+ cutoff fre-
quency, and hence the width in frequency of the stop band above the He+
gyrofrequency. EMIC wave surfaces predicted by cold plasma theory are al-

tered by the finite temperature of the ring current H+.
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1. Introduction

Electromagnetic ion cyclotron (EMIC) waves are currently thought to be an important
loss mechanism for radiation belt electrons [Meredith et al., 2003; Shprits et al., 2008;
Millan and Thorne, 2007]. Losses occur through pitch angle scattering into the loss cone
[Millan and Thorne, 2007; Jordanova et al., 2008] and may empty the entire radiation
belts over a timescale of a few hours [Selesnick, 2006]. EMIC waves may tend to regu-
late the proton ring current (energy ~1 to 100 keV) temperature ratio 7' /T}, where T’
and 7| are the temperatures relatively perpendicular or parallel to the background mag-
netic field [Blum et al., 2009], and may also cause precipitation of ring current protons
[Jordanova et al., 2001a; Yahnina et al., 2003]. Therefore, EMIC waves have significant
effects on energetic particle populations, and it is important to understand the evolution
and properties of these waves.

Considering a plasma consisting of H4, He+, and O+ ions, EMIC waves can occur
in three wave bands [Andre, 1985; Hu et al., 2010]. Each of these has a frequency that
approaches the gyrofrequency of a particular ion for waves propagating roughly parallel to
the background magnetic field (kj > k) at large parallel component of the wave vector
k|, and each wave band is named for that ion. Thus the H+ band, He+ band, and O+
band waves asymptote respectively to the H+ gyrofrequency, the He+ gyrofrequency, and
the O+ gyrofrequency at large kj.

The unstable region of each wave dispersion surface is in the left hand polarized part
of the surface where the frequency has a significant slope with respect to &k and is not

too close to the gyrofrequency of the ion corresponding to the named band (He+ for the
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He+ band). Very close to the gyrofrequency, there is so-called “cyclotron damping”. For
nearly parallel propagation (k; < k), the O+ band continues to be left hand polarized as
the frequency is reduced, but as the frequency is reduced on the H+ and He+ bands there
may be different behavior. For a cold plasma and at finite wave normal angle 6,5 between
the wave vector k and the magnetic field B, there is a crossover frequency at which the
polarization becomes right hand polarized. There is also a left hand polarized surface at
frequencies below the crossover frequency, but for a cold plasma at finite 6 this surface
connects topologically to the higher frequency mode (to the whistler mode within the H+
band and to the H+ band within the He+ band) [Andre, 1985; Hu et al., 2010]. There
are cutoff frequencies for both of these surfaces. The cutoff frequencies within the He+
band are above the O+ gyrofrequency. For all these surfaces, as k; becomes comparable
to kj, the polarization shifts toward linear polarization.

EMIC waves are usually most unstable in the vicinity of the magnetic equator where
the anisotropy and plasma beta are largest [Hu and Denton, 2009; Hu et al., 2010]. The
group velocity of EMIC waves is approximately along the magnetic field, so EMIC wave
energy propagates along the magnetic field away from the magnetic equator toward the
ionosphere. As the waves propagate toward the ionosphere, the wave frequency remains
constant, but the gyrofrequencies of the various ion species increase due to the increasing
magnetic field. Because of this, the wave frequency normalized to the gyrofrequency
decreases. Often the wave vector turns significantly oblique at large latitudes, so that the
polarization becomes linear [Hu and Denton, 2009; Hu et al., 2010]. But the waves might

refract less strongly. Then as the waves propagate toward the ionosphere, if the cold
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plasma dispersion surfaces are applicable, the polarization would change from left handed
to right-handed (after passing through the crossover frequency), and then to linear.

Various approaches have been used to study the evolution and growth of these waves.
Gary et al. [1994a] and Blum et al. [2009] used local linear kinetic theory and one dimen-
sional hybrid code simulations to derive final states resulting from EMIC waves. Jordanova
et al. [2001a, 2008] used a kinetic ring current model to calculate the equatorial growth
rate of EMIC waves during storm time and found maximum values in the postnoon-
to-midnight MLT sector where the intense anisotropic ring current overlapped with the
plasmaspheric bulge and drainage plumes.

Chen et al. [2010], following Horne and Thorne [1997, and refernces therein]| calculated
EMIC wave growth using a ray tracing code and found that EMIC waves occurred in
the high density plume, especially on the eastward side of a plume extending somewhat
outward radially, and just inside the plasmapause. Gamayunov and Khazanov [2008] and
Gamayunov et al. 2009] used a bounce averaged wave equation to examine the inner mag-
netospheric system with coupled ring current population and EMIC waves. Gamayunov
and Khazanov [2008] found that medium energy (~1 keV) protons from the plasmasheet
in the dawn local time sector can significantly modify the real part of the wave dispersion.
Gamayunov et al. [2009] found significant variation in results depending on the ionospheric
model.

Omidi et al. [2010] used a two dimensional hybrid code to find that the saturation
mechanism of the waves involved gyrophase bunching and growth of electrostatic waves.
Bortnik et al. [2011] used two dimensional hybrid code simulations to find a formula

relating the saturation amplitude to the linear growth rate. Shoji and Omura [2011] and
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Shogi et al. [2011] used one dimensional hybrid code simulations with inhomogeneity along
the magnetic field to show that EMIC waves could be triggered by other emissions; they
were able to simulate EMIC waves with “rising tone” frequency.

Omidi et al. [2011, 2013] used a two dimensional hybrid code simulation with a line
dipole to simulate EMIC waves in a plane with inhomogeneity similar to that of a dipole
magnetic field. Omidi et al. [2011] showed that injected ring current ions lead to a reduc-
tion in total density and magnetic field, in part because of the waves. Omidi et al. [2013]
found that the character of the waves depended strongly on the cold O+ concentration
[similar to, though not exactly the same, as results by Hu et al., 2010]. They also showed
that the waves were heavily damped when the O+ concentration was large.

Here we will do hybrid code (particle ions and inertialess electron fluid) simulations of
EMIC waves using the same simulation code that was used by Hu and Denton [2009] and
Hu et al. [2010]. These simulations are performed in a dipole geometry with a limited
range of L shell, and using a particle population initialized with an anisotropic MHD
equilibrium. These features allow for a high resolution low noise simulation. Hu and
Denton [2009] found that the waves are coherent over a limited range in L. Hu et al.
[2010] found that the character of the waves changed as the concentration of cold O+
ions increased. At high O+ concentration, the wave power was lower, and the waves were
confined within a smaller range of magnetic latitude MLAT. These observations will be
relevant for the current study.

A major focus of this paper will be on the effects of a plasmapause on the waves. While
we call this negative gradient with respect to L a plasmapause, it could just as well be

the radially outer part of a plasmaspheric plume. We simulate the wave growth and
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evolution within the plasmapause itself and on both sides of the plasmapause, within the
high density plasmasphere and the low density plasmatrough.

Observational surveys by Anderson et al. [1992a] and Fraser and Nguyen [2001] did not
show a preference for waves within the plasmasphere, but some recent studies of EMIC
waves have shown a preference for occurrence within a plasmaspheric plume [Spasojevic
et al., 2004; Yahnin and Yahnina, 2007]. Usanova et al. [2013] found using data from the
Cluster spacecraft that the probability of EMIC waves inside a plume was significantly
higher than that outside, especially immediately outside. But they did not find that high
density within the plume increased the probability of EMIC waves. They did find that
the waves were most correlated with high dynamic pressure, which can lead to higher
temperature anisotropy [Anderson and Hamilton, 1993].

Halford et al. [2014], using data from the Combined Release and Radiation Effects
Satellite (CRRES), found that on average when EMIC waves are observed, the plasma
density is significantly higher than when EMIC waves are not observed. Chen et al. [2009]
and Chen et al. [2010] suggest that guiding of waves by an inward density gradient is an
important factor determining wave growth, but Halford et al. found that there was no
correlation between occurrence of EMIC waves and a negative density gradient.

We will be simulating EMIC waves using parameters from the Ring current-Atmosphere
interactions Model with Self-Consistent magnetic field (B), RAM-SCB [Jordanova et al.,
2006, 2012; Chen et al., 2010]. That simulation code was used to model the ring current
and cold density populations on June 9, 2001, during which a geomagnetic storm occurred,
and the wave growth of EMIC waves for this event was modeled by Chen et al. [2014].

Examining the wave growth at several times, they found that the waves grew most strongly
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during the main phase of the storm at UT = 1900 at or near the outer boundary of their
simulation at L = 6.5.

Here we will model the waves at 1900 UT within a range of L shell from 4.9 to 6.7.
Whereas the calculations of Chen et al. [2014] find the EMIC wave growth in the equa-
torial plane (assuming growth predominantly within 10° of the magnetic equator), our
simulation will be on a meridional plane at a single value of MLT = 18 (dusk local time).
Our simulation is complementary in that it yields a more detailed description of the wave
growth within a narrow range of L and along the magnetic field lines.

In Section 2 we briefly describe the RAM-SCB and hybrid simulation codes; in Sec-
tion 3, we describe results from the RAM-SCB simulation; in Section 4 we describe the
hybrid code results using the RAM-SCB results as input; and in Section 5 we discuss and

summarize our results.

2. Simulation Codes

2.1. Description of RAM-SCB Simulation Code

The RAM-SCB code simulates the dynamics of the ring current that provides free
energy for the EMIC waves. RAM-SCB couples two codes. The first of these is the
Ring current-Atmosphere interactions Model (RAM), which solves the bounce-averaged
kinetic equation for the major ring current species [Jordanova et al., 2012, and references
therein]. The second is a 3-D Euler-potential-based plasma equilibrium code [Zaharia
et al., 2010, and references therein] which solves for the magnetic field assuming a state of
force balance with the plasma pressure provided from RAM. RAM solves for the bounce-
averaged distribution function for H4, He+, and O+ ring current ions versus magnetic

local time (MLT) and L shell varying from 2 to 6.5.
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The inner and outer magnetic flux surface of SCB is obtained by field-line tracing using
the empirical magnetic field model of Tsyganenko and Sitnov [2005]. To calculate the
electric field drift velocities, the empirical convection electric field model of Weimer [2001]
(W01) is added to the time-independent co-rotation electric field. The W01 ionospheric
potential is driven by time-dependent inter-planetary data; and the AL index is mapped to
the Solar Magnetic (SM) equatorial plane along the SCB field lines. The RAM model also
includes loss processes for ring current ions, including charge-exchange with geocoronal
hydrogen, Coulomb collisions with thermal plasma, and loss due to collisions with the
dense atmosphere at low altitudes [for more details, see Jordanova et al., 1996, 2001a].
The RAM model also includes the time-dependent plasmasphere model of Rasmussen
et al. [1993], which calculates the ExB drift motion of individual flux tubes and includes
supply and loss rates.

To set the initial conditions for the RAM model, we use differential ion fluxes mea-
sured with the the HYDRA (H+ at energies <20 keV) and MICS (H+, He+ and O+
at energies >1 keV) instruments on the Polar satellite during a quiet time period [Jor-
danova et al., 2001b, and references therein], and run the model for more than 10 hours
of quiet time before storm commencement to establish prestorm conditions characteristic
for the investigated period. The nightside boundary conditions for the ring current ions
are determined from plasma sheet flux measurements from the Magnetospheric Plasma
Analyzer (MPA) and Synchronous Orbit Particle Analyzers (SOPA) instruments on the
LANL geosynchronous spacecraft. The MLT dependence of the data for the nightside
boundary is preserved and the dependence of the ion composition with geomagnetic and

solar activity is adopted using the study of Young et al. [1982].
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We note that wave-particle interactions are not included in this study so there is no
plasma wave scattering feedback on the particle distributions. This means that the ring
current particle populations are in a more unstable state than would be allowed if the ring
current populations and EMIC waves were evolved self consistently. And consequently,

the wave growth would likely be smaller using a self consistent ring current simulation.

2.2. Description of Hybrid Code

The hybrid code was described in detail by Hu and Denton [2009] and Hu et al. [2010].
Particles are used for the ions, while the electrons are described by an inertialess fluid. The
plasma is quasi-neutral, so the electron density is equal to the ion density. The magnetic
field is advanced using Faraday’s law. The electric field is found from E = —u, x B+ nJ,
where B is the magnetic field, J = V x B (Ampere’s law) and u, is the electron velocity
found using J = J; — encu, where J; is the ion density and n,. is the electron density.
The resistivity 7 is nonzero only near the boundaries, where it damps the waves [Hu and
Denton, 2009]. Other than at these boundary regions, the parallel electric field is zero.
Therefore one limitation of our simulation is that there is no electron Landau damping.
Landau damping would cause a reduction in obliquely propagating waves, that is, waves
with wave vector not parallel to B, in the later parts of the simulation.

The hybrid code uses generalized orthogonal coordinates [Arfken, 1970], and here we
employ dipole coordinates. This doesn’t mean that the equilibrium magnetic field is
dipolar. The initial magnetic field is found from an anisotropic MHD simulation [Hu
et al., 2010] so that the initial plasma configuration is in MHD equilibrium. This results
in a low noise simulation in which the subsequent evolution is due entirely to the evolution

and effects of the EMIC waves.
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The simulations are two dimensional representing a meridional plane. Only the northern
half of this plane is simulated; symmetry conditions are used at the magnetic equator.
The first coordinate ¢ varies along the dipole magnetic field with value 0 at the magnetic
equator and a value of 1 at our ionospheric boundary that is at a magnetic latitude MLAT
of 47° for the central L shell in the simulation. This range of latitude is large enough
that the waves have passed through all relevant resonant surfaces before they reach the
ionospheric boundary where they are damped. The ¢ coordinate is chosen so that equal
spacing in ¢ corresponds to a distance in real space proportional to B at the central L
shell in the simulation. (Since the coordinates are orthogonal, surfaces of constant ¢ are
also surfaces of the usual dipole coordinate that is orthogonal to L. There is freedom to
choose a particular mapping between ¢ and distance only at one particular L shell.) Since
flux tubes have area oc 1/B, the volume of each cell in the simulation is exactly constant
along the central field line and roughly constant at other L values; this is a good choice
for simulation of Alfvén waves, and leads to an even distribution of particles, which is
good for keeping the numerical noise low. The second coordinate in our simulation is the
dipole L value, which in this case varies from 4.9 to 6.7.

The simulations here are full scale. We used 401 grid points along the dipole magnetic
field and 301 across the magnetic field (across L shell) with grid points on the boundaries.
These values were chosen in order to well resolve the relevant spatial scales, and the
resolution of these simulations is higher than those of previous two dimensional simulations
le.g. Hu et al., 2010]. There are about 25 grid points per dominant parallel wavelength at
the magnetic equator, and these waves are also resolved at higher latitude. At the central

L shell, there were about 4 grid points per thermal gyroradius of the ring current protons,
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so the wave structure is well resolved on this scale. The simulation we describe here
includes a plasmapause, and there are 83 grid points across the plasmapause, so it also is
well resolved. There were 768 particles per grid point used to simulate the ring current
H+ and 448 particles per grid point used to simulate the ring current O+; 64 particles
per grid point were used to simulate each of the four remaining particle populations, ring

current He+, cold H+, cold He+, and cold O+.

3. RAM-SCB Simulation Results

Figure 1 shows quantities from the RAM-SCB simulation, with the particular goal of
showing where EMIC waves are likely to be most unstable based on the local parameters.
The pressure of the ring current O+ in the simulation yields a fairly large plasma beta
(8 = P/(B?/(210))) and anisotropy (A = P, /P; — 1) by itself, which suggests that it
might lead to instability in the O+ frequency band (with an upper limit of Q.0); we do
not find, however, any growth in this band in our hybrid code simulation results. Chen
et al. [2014] also did not predict any wave growth in the O+ band based on their linear
growth calculations using ray tracing. The plasma beta of the He+ population was low.
Therefore we concentrate here on the instability driven by the H4 population. Here, P is
the plasma pressure, P and P, are the plasma pressure components respectively parallel
and perpendicular to the magnetic field, B is the magnetic field, and p is the magnetic
permeability.

Figure 1a shows the plasma beta f, of the hot (“h”) ring current H+ using the pressure
parallel to the background magnetic field, Pp,. Figure 1b shows the anisotropy of the ring
current H+, A, = P,/ Py — 1. A rough indicator of the instability of the ring current

H+ can be found from Ahﬁﬁf [Gary and Lee, 1994], but perhaps a better indicator can be
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found from the equations of Blum et al. [2009], which are based on results by Gary et al.
[1995]. An instability parameter 3, = Ahﬁﬁ‘ﬁ“ is defined. The value of ay, is approximately
0.5, but is more accurately given by the formula of Blum et al. [2009] (their equation (3b)).
EMIC waves are roughly predicted if ¥, exceeds the threshold value Sy, (defined in Blum
et al.’s equation (3a)). Note that the threshold Sy, is smaller if the cold density is large.
Figure 1c shows the cold density from the RAM-SCB simulation, n., while Figure 1d
shows the ratio of the EMIC instability parameter >y, to the threshold value Sy.

Where ¥y, /5y, is large, EMIC waves driven by the ring current H+ population are most
likely to be unstable. In Figure 1d, the solid white curve is the threshold value ¥y, /Sy, = 1.
In principle, these results indicate that EMIC waves could be driven anywhere outside of
this curve, that is, in much of the magnetosphere extending from noon to midnight local
time. On the other hand, the theory of Gary et al. [1995] was for a plasma consisting only
of ring current and cold H+. Here we used n. + ny, for the value of n, in their equations
(treating all cold particles as cold H+), and neglected the heavy ion ring current particles.
It’s likely that the heavy ions lead to a reduction in the growth rate of the EMIC waves
[see, for instance, Denton et al., 1992], so a larger value than X, /S, = 1 may be required
for EMIC wave growth. Certainly, however, the regions with very large ¥ /S) (orange
and red color in Figure 1d) are very likely to be unstable to EMIC waves. Examination
of Figure 1 shows that the most unstable regions combine large A; and to a lesser extent
large B with large n.. (The dependence on [ is weaker than that on Ay, because of the
exponent oy, in Xy = Ahﬁﬁ‘ﬁ‘)

We will be examining the instability at the MLT = 18 meridian (at dusk local time)

which extends upward from the center of the Earth in each of the panels in Figure 1, and
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is shown by the vertical solid white line in Figure la. Figure 1d shows that, based on
local instability, the region predicted to be most unstable to EMIC waves is between just
inside L =5 to L = 6.

The fractional thermal ion composition greatly affects the propagation characteristics
of EMIC waves and is not explicitly simulated in the Rasmussen model. We consider
two models for the cold composition. The first of these, which we call the constant cold
composition model, has 77% H+, 20% He+, and 3% O+, as was assumed by Jordanova
et al. [2008] and Chen et al. [2014]. In the second model, the He+ concentration is low
(about 3% of the light ion density) and the O+ concentration varies strongly from the
plasmasphere, in which the O+ concentration is low, to the plasmatrough, in which the
O+ concentration is high. Such varying concentration of O+ is suggested by results of
Takahashi et al. [2006], Takahashi et al. [2008], Denton et al. [2011], and Denton et al.
[2014]. We call this second model the variable cold composition model. These populations
are assumed to be isotropic with a temperature of 3eV. For the hybrid code simulations
to be described in Section 4, we verified that this temperature did not change appreciably
during at least the first 18s of the simulation, so the number of particles in the simulation
was sufficient to represent the 3eV velocity distribution.

Figure 2 shows quantities from the RAM-SCB simulation at MLT = 18 (vertical solid
white line in Figure 1a) using the constant cold composition model. Here, in addition to
the ring current parameters for H+ (solid black curves in Figure 2), we also show the ring
current parameters for the ring current He+ and O+ (respectively the blue and red solid
curves in Figure 2). As was mentioned previously, despite the large §; and A for ring

current O+, we do not see waves in the EMIC O+ band. (Anisotropy in an ion component
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can only drive waves in the frequency band corresponding to that ion, or lower frequency
bands. Ring current H+ can drive waves in all three EMIC wave bands, but ring current
O+ can only drive waves in the O+ band.) So in Figure 2d, we show only the instability
ratio 3, /Sy for ring current H+. Unlike our calculation of ¥y, /Sy plotted in Figure 1d,
here we use only the sum of the ring current H+ and cold H+ densities for the value of
n. used in the formulas of Blum et al. [2009].

The two vertical gray lines in Figure 2¢ roughly delineate the plasmapause. We will
refer to the region to the left of the leftmost gray line as the plasmasphere, the region in
between the two gray lines as the plasmapause, and the region to the right of the rightmost
gray line as the plasmatrough. Based on Figure 1c, what we call the plasmasphere might
be called a plasmaspheric plume. But there is little difference between the two when we
are considering only a meridional cut. And the plasmaspheric plume is just an extension
of the plasmasphere (Figure 1c).

Despite the fact that §j, and Ay, have a peak at the outer edge of the plasmapause,
¥ /Sy is strongly affected by the cold density so that it peaks at L = 5.5 inside the
plasmasphere. Thus based on the local instability condition for H+, the outer region
of the plasmasphere would be the location most likely to generate EMIC waves [e.g.,
Jordanova et al., 2001al, though possibly the density gradient in the plasmapause could
play some role [e.g., Chen et al., 2009].

Figure 3 is the same as Figure 2, except that in Figure 3c, the dotted curves now show
the cold ion composition for the variable cold composition model. Note that the He+
concentration is low, and the O+ concentration becomes large in the plasmatrough region

(region to the right of the rightmost vertical line in Figure 3c).
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The instability ratio ¥y, /Sy, in Figure 3d is slightly smaller than that in Figure 2d owing
to the smaller cold H+ density in the variable cold composition model. But the actual
reduction in instability is likely to be greater because, as mentioned above, heavy ion
populations can reduce the growth rate of EMIC waves. Based on results by Denton et al.
[2014], the bulk O+ concentration was probably between 0.1 and 0.4 at geosynchronous
orbit in the plasmatrough outside of the plasmaspheric plume. This is significantly higher
than that in the constant cold composition model, but lower than the concentration in the
variable cold composition model at large L (Figure 3c). That is, the real concentration of

O+ was likely between the two extremes of these models.

4. Hybrid Code Simulation Results

4.1. Hybrid Code Results for the Constant Cold Composition Model

Figure 4 shows the evolution of the wave power with respect to spatial location for the
constant cold composition model. The wave power is shown for rows labeled “A”  “B”,
“C”, etc, for the ranges of time listed on the right side of each row versus L shell on
the horizontal axis and the parallel coordinate ¢ on the vertical axis. The wave power
in the He+ band is shown in the first and third columns (labels “a” and “c”), the wave
power in the H+ band is shown in the second and fourth columns (labels “b” and “d”),
and the wave power integrated over all frequencies is shown in the rightmost column
(“e”). The wave power is normalized to the magnitude of the local magnetic field at each
location such that a total wave amplitude equal to the total field would have unity power.
Therefore a normalized wave power of 0.01 would correspond to an amplitude of 10% of
the background magnetic field. This normalization tends to enhance the apparent wave

power at large L and small ¢ where B is smaller relative to other regions. The maximum
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normalized wave power in each panel is shown at the upper right under the panel label,
and the wave power is higher than 0.01 at some locations in row “B” only.

The last three columns show the power in grayscale with the constant scale shown at
the right side of each row. The range of color in these panels extends up to 0.003, which
is lower than the maximum power in some panels, so in these cases, the grayscale may
be oversaturated at some locations. This occurs in rows “B”, “C”, and “F”. But, as
indicated, the maximum wave power can be found under the label.

The first two columns “a” and “b” in Figure 4 use a two-dimensional color scale intro-
duced by Hu and Denton [2009]. Maximum saturation (intensity or non-whiteness) of the
color corresponds to the maximum wave power in each panel, while the specific hue (or
color) corresponds to ellipticity using the scale at the top left of the figure. The ellipticity
€ is equal to -1 for left hand polarized waves, 0 for linearly polarized waves, and +1 for
right hand polarized waves. Note from the color scale for € that blue color indicates values
of € ranging from -1 to -0.5 and red color indicates values of € ranging from +0.5 to +1.
So blue color does not necessarily represent a purely left hand circularly rotating wave.

While the panels using the 2D color scale can be used to find the region of largest
wave power in the frequency band at a particular time, they do not give a good idea
of whether that wave power is significant. For instance, the maximum wave power in
Figure 4Ab and Ad is only 0.00033, corresponding to a wave amplitude of about 1.8%
of the background magnetic field. But there are regions of strong saturated color in
Figure 4Ab. The predominance of the red color in most of the panel results from whistler
noise, which is right hand polarized. So to judge the wave power, it is easier to use the

right three panels with the same scale or the amplitudes in the top right of each panel.
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The roughly vertical curves in each panel show flux surfaces (magnetic field lines) ex-
tending from the equatorial L values at the inner and outer edge of the plasmapause as
indicated in Figures 2 and 3. If the background magnetic field were exactly dipolar, these
curves would be exactly vertical. The approximately horizontal curves show constant
values of MLAT at 10°, 20°, 30°, and 40°, with the lowest value of MLAT at small q.

Figure 4 shows that the largest region of wave growth is in the plasmasphere (region to
the left of the leftmost nearly vertical curve in each panel), though there are also small
regions of quite large wave power elsewhere, such as at the outer edge of the plasmapause
in the H4 band in panels Bb and Bd, and in the plasmatrough in the He+ band in panels
Fa and Fec.

Figure 5 shows the average wave power in four regions versus the normalized wave
frequency w/Qcpo, where €, is the proton gyrofrequency at the magnetic equator found
by mapping the magnetic flux calculated using the average magnetic field down to the
equator. These are calculated for the time intervals shown at the right side of the figure
for the rows labeled “A”, “B”, etc. As was done for Figure 4, the wave power at each
point in the simulation has been normalized to the local magnetic field. Then the wave
power is averaged in four regions over the simulation grid points. The power is plotted
versus unit w/{q,0, such that an integral of the power with respect to w/€Qcpo would yield
the average normalized power in the entire region (including all latitudes).

The average power for the plasmasphere (region to the left of the nearly vertical curves
in each panel of Figure 4) is shown in the first column of panels in Figure 5 labeled
“a”; the average for the plasmapause (region in between the nearly vertical curves in

each panel of Figure 4) is shown in the second column of panels labeled “b”; the average
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for the plasmatrough (region to the right of the nearly vertical curves in each panel of
Figure 4) is shown in the third column of panels labeled “c”; finally the average over
the entire simulation domain is shown in the last column of panels labeled “d”. The
blue curves show the left hand polarized wave power, while the red curves show the right
hand polarized wave power. The value of € at any point is (Ay — A_)/(A; + A_), where
AL = /Py, and AL and P. are the amplitude and wave power, respectively, with + for
the right hand polarized wave power, and — for left hand polarized wave power. Thus if
the blue curve is higher than the red curve, P_ > P, € < 0, and the waves are left hand
polarized.

The two vertical gray lines are at the O+ gyrofrequency, w/€Qp0 = 1/16, and the He+
gyrofrequency, w/Qep0 = 1/4. The low amplitude wave power under 10~* that is fairly
constant with respect to frequency is thermal noise. The EMIC waves show up as peaks
rising from this background. Early in the growth cycle of the waves, such as at the first
time interval, ¢ = 10 to 35s in the first row labeled “A”, the wave power is left hand
polarized (blue curves higher than red curves). There are peaks with respect to frequency
in the He+ band (region in between the two gray lines) and in the H+ band (region to
the right of the rightmost gray line) in all spatial regions, but the He+ wave power is
strongest in the plasmasphere while the H+ wave power is strongest in the plasmapause
and plasmatrough.

By examining Figure 5 column d with wave power averaged over all spatial regions,
we see that the largest wave power is generally in the He+ band, as was roughly evident

comparing columns ¢ and d of Figure 4. As time progresses, the He+ waves grow to a
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maximum (Figure 5Bd), then decrease in power and become more linearly polarized as
indicated by the red curve coming closer to the blue curve in Figure 5Gd.

In the plasmasphere (column a of Figure 5), there is some small wave growth in the
H+ band at w/Qcpo ~ 0.47; this is most evident in the 35s to 60s interval (Figure 5Ba).
But the largest wave power in the plasmasphere is always in the He+ band, and in this
frequency band, the wave power in the plasmasphere is always the dominant component
of the total wave power (comparing columns a and d of Figure 5).

The frequency dependent evolution of wave power in the plasmatrough (Figure 5 column
c) is different. At the earliest time interval 10s to 35s (row A), EMIC waves start to grow
in the H4+ band at w/Q0 = 0.5 (Figure 5Ac). In the next time interval 35s to 60s
(Figure 5Bc), the strongest wave power has shifted to lower frequency, but still within
the H+ band at w/Qp0 ~ 0.33. Later during the time interval 110s to 160s (Figure 5Ec
and Fc), the most intense wave power is in the He+ band. At these times, the strongest
wave power is centered at about w/€.,0 = 0.2, which is a higher normalized frequency
than the He4+ band waves in the plasmasphere that are centered at a frequency of about
0.17 (Figure 5 column a).

The frequency dependent evolution of wave power in the plasmapause (Figure 5 column
b) is intermediate between that in the plasmasphere and plasmatrough (columns a and
¢, respectively). Wave power grows in the He+ band from the earliest time centered at a
frequency intermediate between that in the plasmasphere and in the plasmatrough. Wave
power grows in the H+ band at early times (Figure 5Ab and Bb) similar to that in the
plasmatrough (Figure 5Ac and Bc). The reason that the wave power in the plasmapause

is similar to that in the plasmasphere and plasmatrough can be easily seen from Figure 4.
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The He+ wave power in the plasmapause is the outermost extension of the He+ wave
power in the plasmasphere (Figure 4Bc and Cc), and the strongest H+ band wave power
is at the boundary between the plasmapause and plasmatrough (Figure 4Bd). These
simulation results suggest that the wave growth in the plasmapause is not predominantly
due to the density gradient, which would be largest at the center of the plasmapause
(Figure 2c), but rather due to the favorable properties (discussed later) of the adjacent

spatial regions.

4.2. Hybrid Code Results for the Variable Cold Composition Model

Now we show hybrid code simulation results for the variable cold composition model.
Recall that there are two main differences between the two models, as illustrated in
Figure 2c and Figure 3c. In the variable cold composition model, the He+ composition is
much lower, about 3% of the cold light ions versus 20% of all the cold particles, and the
O+ composition is much higher, becoming dominant at the largest L shells.

Figure 6 shows the evolution of the wave power with respect to spatial location using the
same format as Figure 4. One difference is that the time intervals in Figure 6 are 20s rather
than the 25s intervals used in Figure 4. (This choice was made because the significant
wave evolution occurred during a shorter total amount of time for the variable cold density
composition model.) The wave evolution in this case is simpler. The He+ band waves
are confined to the plasmasphere, and the H+ waves are strongest near the inner edge of
the plasmapause, extending from the outer third of the plasmasphere (Figure 6 column
d, especially panel Bd) to the inner third of the plasmapause (especially panels Bd and

Cd). There is no significant wave growth in the plasmatrough. The maximum normalized
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wave power is lower, reaching a maximum value of 0.0036 in Figure 6Be versus 0.013 in
Figure 4Be. Furthermore the apparent wave power decays more quickly.

This apparent decay in wave power is somewhat misleading. As the waves propagate
along the magnetic field toward the ionospheric boundary, the normalized wave power
decreases due to the increase in the background magnetic field. There is some energy
loss near the ionospheric boundary due to the resistive layer that is there, but results
by Hu et al. [2010] suggest that there is also significant reflection of wave power. There
is a pileup of energy near the grid scale in the radial direction at later times. Electron
Landau damping, not included in our simulation, would probably reduce the power of
these significantly oblique waves [Thorne and Horne, 1992].

Another difference between Figure 4 and Figure 6 is that the waves in Figure 6 appear
to be more linearly polarized. The left hand polarized waves tend to be more cyan colored
than blue and the right hand polarized waves tend to be more yellow colored than red.
We do not have an explanation for this other than to note that it is consistent with linear
theory. Calculating the wave properties at L = 5.5 (within the plasmasphere) at the k|
value of maximum growth rate but for 6,5 = 30°, we find that the ellipticity is -0.72 for
the constant cold composition model and -0.55 for the variable cold composition model.
The fact that the waves are more linearly polarized for larger O+ concentration was also
noted by Hu et al. [2010].

Figure 7 shows results from the same simulation with respect to frequency, with the
same format as Figure 5. As we saw from Figure 6, most of the He+ wave growth was
in the plasmasphere (see Figure 7 column a). (There is a very small peak in power in

the He+ band in the plasmapause which can be seen in Figure 7Db as the small peak
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just to the left of the rightmost vertical gray line.) Waves in the H+ band grow in the
plasmasphere and plasmapause regions. There is a slight shift to lower frequency at later

time, as can be seen by comparing Figure 7Bb to Figure 7Cb.

5. Discussion and Summary

5.1. Effect of the Plasmapause

While there may be significant wave growth within the plasmapause, that growth does
not seem to result from the density gradient. The growth in the plasmapause occurs
in a region that either extends across the plasmapause boundary into the plasmasphere
(Figure 4Bc and Figure 4Cc) or into the plasmatrough (Figure 4Bd). The region of
steepest gradient (middle of the plasmapause region) seems to be dispreferred for wave
growth.

The idea that a density gradient guides the wave so that the wave vector remains
approximately aligned with the magnetic field leading to larger wave growth has been
supported by Thorne and Horne [1997], Chen et al. [2009], and de Soria-Santacruz et al.
[2013] using the ray tracing technique. Thorne and Horne [1997] show guiding near the
inner edge of the plasmapause. The mechanism seems to be that the waves are refracted
inward while in the plasmapause. But after the waves propagate into the plasmasphere,
they refract outward. Bounces in position and wave angle can occur (see Thorne and
Horne’s Figure 3). Chen et al. [2009] and de Soria-Santacruz et al. [2013], on the other
hand, describe guiding within a gradient on a localized density perturbation. Figure 2 of
Chen et al. [2009] shows that the wave growth is strongest at the outer (high beta) edge
of the peaks in electron density n.. This might cause one to wonder if the larger growth

in their simulation can be explained entirely by local conditions. However, experiments
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varying the density profile show that if the density profile is varied so that the local density
is everywhere smaller but the density gradient is larger, the wave growth increases (Lunjin
Chen, private communication, 2014). Therefore the density gradient is playing a role in
the wave growth in Chen et al.’s simulations.

Figure 1c of de Soria-Santacruz et al. [2013] more clearly shows maximum wave growth
near the peak in the density gradient. de Soria-Santacruz et al. [2013] state that “guiding
is possible for irregularity sizes on the order of the EMIC wave length.” In their model,
the drop in density is a factor of about 2.5 within a width of somewhat less than about
two parallel wavelengths. In our simulation, the drop in density is a factor of about 4.5
within a plasmapause width of slightly less than four parallel wavelengths. Therefore the
parameters are fairly similar.

One factor that is not included in the ray tracing simulations is the radial structure of
the waves. Hu and Denton [2009] found that there was a radial coherence length over
which the EMIC waves would maintain a coherent structure. Within the plasmapause, the
parallel wavelength and frequency of the waves vary (as described below in Subsection 5.3),
and it may be that coherent growth of EMIC waves is difficult within a steep gradient.

Despite the fact that the major wave growth is not within the plasmapause, the plasma-
pause does appear to play a significant role in the evolution of the direction of the local
wave vector. Figure 8 shows for the constant cold composition model the s component of
the wave magnetic field, By, normalized to the equatorial magnetic field at the central L
shell, By, in the meridional plane of the simulation plotted using Cartesian coordinates
so that the angle between the wave vector (normal to the wave fronts) and magnetic field

can be roughly estimated. Each panel shows B,/ By at the central time of one of the first
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five time intervals plotted in Figure 4. The green curves that intersect Z = 0 are magnetic
flux surfaces at the plasmapause boundaries shown in Figure 2. Note carefully that the
curves of constant MLAT (curves roughly normal to the flux surfaces) are not normal to
the flux surfaces and cannot be used to judge the wave power angle. The equilibrium
magnetic field roughly follows the shape of the flux curves and the shape of the outer
boundaries L boundaries which are also flux surfaces.

Note from Figure 8A, corresponding to t = 22.5s, that the largest early wave growth is
in the plasmasphere (region to the left of the leftmost green curve intersecting Z = 0),
marked by point “P”. In Figure 8A, the dominant wave power is at MLAT less than 10°
and the wave fronts are roughly normal to the magnetic flux surfaces indicating that the
wave vector is roughly parallel to those surfaces. At ¢t = 47.5s (Figure 8B), the dominant
wave power is still within the plasmasphere, and for small MLAT, the wave vector is still
roughly along the equilibrium magnetic field. But at larger MLAT, especially for MLAT
> 10°, the wave vector is tilted relative to the equilibrium magnetic field. Well within the
plasmasphere, at point “Q” in Figure 8B, the wave vector has refracted outward. This is
even clearer at point “R” in Figure 8C and point “S” in in Figure 8D. Later waves in the
plasmatrough, marked by point “T” in in Figure 8E also appear to be refracting outward.

But even though the dominant wave power is within the plasmasphere at ¢ = 47.5s
(Figure 8B), the wave fronts close to the inner plasmapause boundary are tilted inward,;
see point “U” in Figure 8B. Inward refraction within the plasmapause is evident just
outside the inner plasmapause boundary near point “U” and is also evident that points
“V7 and “W” in Figure 8C and D, respectively. The fact that the wave front within the

plasmasphere is also refracted inward (point “U”) suggests that the wave fronts are affected
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globally by the surrounding region. The weaker but faster propagating waves outside the
inner boundary of the plasmapause in Figure 8B appear to be dragging forward the wave
fronts within the plasmasphere. The result may be similar to that of the radially bouncing

wave packets of Thorne and Horne [1997].

5.2. Wave Normal Angles

As we indicated earlier, the wave normal angle 6,5 can be roughly estimated from
Figure 8 as the angle between the normal to the wave fronts and the magnetic flux surfaces.
For waves within the plasmasphere and plasmatrough, 6yg appears to be usually within
25° of zero for MLAT < 10°. At larger values of MLAT, this angle increases. For instance,
at point “R” in Figure 8C (at about 14 °), the angle is about 40°. The largest values
of Oyp occur in the plasmapause where there is a steep gradient in the frequency of the
waves (as described in Section 5.3 below). At point “W” in Figure 8D, 05 is about 60°
and farther along on the same flux surface at MLAT > 20° ;g is about 85°.

For the constant cold composition model at L = 5.75 (middle of plasmapause) at the
magnetic equator, the local linear growth rate of EMIC waves is maximum for 6,5 = 0°
(parallel propagation). The growth rate decreases to one half of its maximum value at
about Oyp = 27°, to 1/10 of its maximum value at ;5 = 44°, and to zero value (marginal
stability) at O, = 76°. At 0y = 85°, the damping rate is about -0.0015 €,. The

damping rate is likely to be larger at high MLAT where the plasma is less unstable.

5.3. Frequency of the Waves
Generally, we find that the He+ band waves with lowest frequency are most unstable

in the plasmasphere (Figure 5), whereas the H+ band waves with higher frequency are
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most unstable farther out. In Figure 4, the H4+ band waves are most unstable in the
plasmapause and plasmatrough, and particularly near the outer edge of the plasmapause
(Figure 4Bd). In Figure 6, we find that the H4+ band waves occur at the outer edge of
the plasmasphere and inner portion of the plasmapause (Figure 6Bd). As we will discuss
below, this difference is due to the vastly different cold ion composition. But we see
in both cases a preference for H+ waves relative to He+ waves at larger L. Note that
Anderson et al. [1992b] found that w/€Q, (their “X”) increased with respect to L (their
Figure 5, top panel).

In addition, there is a tendency for the wave frequency of the waves that are driven
to gradually decrease with respect to time. For instance, we see in column ¢ of Figure 5
(plasmatrough) that at first the most unstable waves are at w/Qq, = 0.5, then later at
about 0.33, and even later at about 0.2.

Both of these dependencies can be easily understood. Assume that the waves are driven
by a bi-Maxwellian distribution of hot protons such that the wave is in Doppler resonance

with (2., for the hot protons with a parallel velocity equal to the parallel thermal speed

of the hot protons, vnm = 1/2ksT|n/myp, so that

Qcp =w + k?HUthHh- (1)

Here kp is the Boltzmann constant, and 7Tj;, is the hot proton temperature associated

with motion along the magnetic field. From (1), we find

Ne
= ;hﬁ\\h (3)
= Bine- (4)
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Here the overbars indicate normalized quantities, where we have normalized distances
to c¢/wpp and inverse time to €2, and where the proton plasma frequency is wp, =
\/Ne€?/mypeo, the proton cyclotron frequency is Q., = eB/m,, e is the proton charge,
my is the proton mass, and ¢ is the vacuum permittivity. The quantity B is the
plasma beta calculated using the parallel temperature of the hot protons and the total
electron density. (This quantity was used by Gary et al. [1994b].)

For a multi-species plasma with singly charged ions of species s, the dispersion relation

for electromagnetic ion cyclotron waves is [Swanson, 2003, p. 28]

kﬁ:w@:l"s—l). (5)

— MW
Here the species concentration 7, = ns/ne, and the normalized ion mass mys = mg/my,. If

we substitute this into (4), we find

(1 —ww)Q (zs: 1 —n;nsw a 1> - Bt’e. (6)

We will show that this equation predicts the most unstable frequencies of EMIC waves

remarkably well. Note that in terms of normalized parameters, it is not the absolute total
density that determines 3., but the ratio ne/ny, since fne = (ne/nn) -

Within each EMIC wave band, the left hand side of (6) increases with respect to @, and
aside from frequencies close to the resonant frequencies, mw = w/Qs = 1, and the cutoff
frequencies where kj = 0, the left-hand side of (6) increases with respect to @ across wave
bands. This is demonstrated in Figure 9 for the case of the concentrations in our constant
cold composition model, ng = 0.77, ny. = 0.20, and 7o = 0.03. (The left-hand side of (6)

goes to infinity where w/€, = 1 and to zero where kj = 0.)
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An increase in n. results in a larger value of B, and hence a lower value for the
right-hand side of (6), which means that (6) will be satisfied for lower values of @w. This
explains why the He+ band in our simulations is preferably driven in the plasmasphere,
while the H4 band is preferably driven in the plasmatrough (Figure 4, row B).

While (6) shows that the frequency of the unstable waves is dependent on jj,, but
not on the anisotropy of the hot population Ay = T'11,/Tj, — 1, these quantities are not
usually independent. A plasma with large 3, and large A, would be extremely unstable.
Usually the hot population stays close to a threshold similar to ¥, = S, mentioned in
Section 3 [Blum et al., 2009]. Thus considering the definition of ¥}, = Ahﬂﬁ‘ﬁ‘, the right
side of (6) would be expected to be proportional to Allj/ “t where «y, is usually between
0.4 and 0.5, showing that normally we expect higher anisotropy to drive higher frequency
waves. This expectation is consistent with the upper limit on @ that immediately follows

from Equation 2.23 of Kennel and Petschek [1966],

Ay
14+ A,

@<

(7)

Figure 10 shows the normalized frequency @ = w/(), versus L shell for the constant cold
composition model in Figure 10a and the variable cold composition model in Figure 10b.
The upper and lower blue curves in Figure 10a or Figure 10b are the predicted most
unstable wave frequency based on (6) for the H+ band waves and He+ band waves,
respectively. In the cold plasma limit at finite 6,5, the waves in each band below the
crossover frequency would connect topologically to the higher frequency mode, with the
H+ band waves connecting to the whistler band [Andre, 1985; Hu et al., 2010]. From this
perspective, we might need to know whether the wave is above or below the crossover

frequency to label the mode. But here we call all waves between the mode gyrofrequency
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and the next lower gyrofrequency the name of the higher gyrofrequency. In other words,
all waves between the He+ and H+ gyrofrequency are called H+ band waves. Note also
that results that we present below suggest that the cold plasma topology is not always
relevant.

The blue asterisks in Figure 10 show the frequency of maximum growth rate predicted
by the electromagnetic plasma dispersion code Waves in Homogeneous Anisotropic Mul-
ticomponent Plasmas (WHAMP) [Ronnmark, 1982], while the blue circles show the fre-
quency of waves actually observed in our simulations at the earliest time and at positions
and frequency consistent with Figures 4, 5, 6, and 7. The observed waves in our simula-
tion (circles) are at frequencies very close to the most unstable frequencies predicted by
WHAMP (blue asterisks), and both of these are close to those based on the simple model
(blue solid curves). From Figure 10, we also see that (6) explains the shift in frequency
within each wave band from low values for high n, at low L to higher values for low n, at
high L.

The shift with respect to time of wave frequency from higher frequency to lower fre-
quency can be explained by the evolution of the hot proton population. The tendency
of the waves is to drive the plasma toward isotropy (Tj, = T'1y) by transferring thermal
energy from the perpendicular to parallel direction [Denton et al., 1993]. But the waves
do not drive the plasma toward complete isotropy. Rather they reduce the anisotropy so
that the plasma becomes approximately marginally stable to the particular waves that is
affecting the plasma [Gary et al., 1994c; Denton et al., 1994]. The high frequency waves
transfer energy to the parallel direction, increasing 3, and thus leading to conditions

that favor lower frequency waves.
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5.4. Effect of Varying O+ Composition

Omidi et al. [2013] showed that a high concentration of O+ in an H+/O+ plasma
yielded EMIC waves that were heavily damped. They interpreted these results as due to
higher harmonic resonance with the O+ ions.

We mentioned in an AGU presentation that high concentration of O+ can eliminate He+
band and H+ band waves [Denton and Hu, 2010], and we observed that same result here
for the variable cold composition model in the plasmatrough (Figure 7 column c). Left
hand polarized waves can only grow above the cutoff frequency. For a cold plasma, this
frequency can be found from (5) by setting E” = 0. In Figure 10a and Figure 10b, the cold
plasma cutoff frequency for H4 and He+ bands is the dashed red curve, while the upward
pointing red triangles are the left hand polarized mode cutoff frequency determined from
WHAMP. Clearly, the cold plasma formula well predicts the kinetic cutoff frequency. The
red solid curve Figure 10a and Figure 10b shows the maximum possible frequency based
on (7), while the dotted horizontal gray line corresponds to w = Qcpe. Note that the
dashed red curve for each wave band represents the lowest possible frequency for that
wave mode, while the highest possible frequency is the solid red curve for the H+ band or
the dotted horizontal gray line for the He+ band. The blue curves and blue data points
always occur within these limits. While we haven’t studied this aspect in detail, it also
appears that the waves only grow where the blue curve is significantly above the dashed
red curve, that is, where the most unstable frequency is significantly above the cutoff
frequency.

For the variable cold composition model, Figure 10b shows that the wave frequency for

both H+ band and He+ waves based on the simple model (blue curve) and the cutoff
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frequency (dashed red curve) get very large in the plasmatrough. At the outer edge
of the plasmapause (rightmost gray line in Figure 3c), ng. = 0.032 and no = 0.35.
With those concentrations, the cold plasma He+ cutoff frequency is at 0.23 €2, and the
H+ cutoff frequency is at 0.44 Q.,. The large cutoff frequency means that the range
of possible unstable frequencies is small. The predicted most unstable frequencies for
these modes (solid blue curves) are even higher. For the He+ band, the predicted most
unstable frequency is 0.244 Q,, very close to the He+ gyrofrequency at 0.25 €,. The
predicted most unstable frequency for H+ is 0.52 ), close to the upper limit of unstable
frequencies given by (7), 0.57 Q,. Neither H+ band nor He+ band waves were observed
in the plasmatrough.

Note that the cutoff frequency in the H+ band above the He+ gyrofrequency is not
necessarily determined by the He+ concentration. This is true also for the most unstable
frequency. As mentioned above, with 7y = 0.032 and no = 0.35, the cold plasma cutoff
frequency in the H+ band is at 0.44 Q. If we drop 7. to zero (by increasing ), we get
0.35 €, but if we drop no to zero, we get 0.27 2,. Thus in this case O+ is playing the
dominant role in determining the H+ cutoff frequency, and hence the width in frequency
of the stop band (region with no possibility of waves) above Q... Consequently we advise
that researchers use caution about using the stop band at w > Q.. alone to estimate the
He concentration, especially at solar maximum (see discussion below).

The effect of heavy ions on the EMIC wave frequency can be easily understood based
on (6) and (5). Assume that we vary the composition but hold the total density constant
so that the right hand side of (6), equal to 1/fn, is constant. The left hand side of (6)

has a product of two terms. The first of these, w/(1 — w)?, increases with respect to @.
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The second of these is >, 7s/(1 — msw) — 1, which can be expressed as

s
—~ 1w

- 17 (8)

S = myw = w/Qes is the angular frequency normalized to the species gyrofre-

where w
quency. The second term has quantities 7;/(1 — @®). These terms are positive if @*® is
less than unity, and negative if @® is greater than unity. So these quantities are negative
for a heavy ion species with gyrofrequency below the wave band. That is, He+ and O+
have gyrofrequencies below the H+ band for which the wave frequency is greater than
Qcne, and O+ has a gyrofrequency below the He+ band for which the wave frequency is
greater than {2.o. Thus increasing the concentration of the heavy ions with gyrofrequency
below the waveband will decrease the second term, and then the wave frequency will have
to increase in order that (6) continue to be satisfied. So when we increase 7o, the most
unstable frequency for EMIC waves will increase for both He+ and H+ bands.

Similarly, the cutoff frequency can be found by setting the right-hand side of (5) equal
to zero (so that kj = 0). Comparing (5) and (8), we see that the cutoff frequency is found
from solutions of (8) equal to zero (except for the O+ band with cutoff at w = 0). In
order for there to be a valid solution, the sum of positive terms 7,/(1 —w®) for species with
gyrofrequency above the waveband must be at least a value unity greater than the negative
terms for species with gyrofrequency below the waveband. If the concentration is increased
for a heavy ion with gyrofrequency below the waveband, increasing the magnitude of the
negative terms, the frequency must adjust to increase the magnitude of the positive terms.

Those will become greater if @ increases. For instance, the H+ term is /(1 — @), and

this increases as w increases. Similarly the magnitude of the negative terms will decrease
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as w is increased. So when we increase 7o, the cutoff frequencies for both He+ and H+
EMIC wave bands will also increase.

In the variable cold composition case, there is some small wave growth at the inner edge
of the plasmapause. This appears to be largest in the H+ band (Figure 6Bd and Cd), but
does occur to a smaller degree in the He+ band (Figure 6Da and Ea). At the inner edge
of the plasmapause, ng. = 0.038 and 1o = 0.091 (at leftmost gray line in Figure 3c). For
these concentrations, the He+ cutoff frequency is at 0.13 €, and the H+ cutoff frequency
is at 0.30 €2p,. The predicted most unstable frequency for each mode is significantly higher
than the cutoff frequency, and well under the upper frequency limit for each mode. Thus
the limits are not so extreme, and Figure 7 column b shows small wave growth in both
bands within the plasmapause.

In conclusion, it appears that a large concentration of O+ can severely limit EMIC
waves. Based on results summarized by Denton et al. [2011], there is usually a small
concentration of O+ in the plasmasphere during all phases of the solar cycle, but the
concentration of O+ in the plasmatrough varies greatly. During solar maximum, 1o may
be around 0.35 on average in the plasmatrough, but at solar minimum there is very little
O+ in the plasmatrough. These results suggest that there is usually very little O+ at
geostationary orbit during solar minimum. Our preliminary results studying the more
detailed dependence of ng [Denton et al., 2012] suggests that the O+ concentration is
greatest at dawn local time (where the plasma is more “plasma cloak-like” [Chappell
et al., 2008; Lee and Angelopoulos, 2014]) and where it is less “plasmasphere-like” (high

density) and where EMIC waves are less likely to occur [Anderson et al., 1992a; Halford
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et al., 2010]). These results also suggest that the O+ concentration is higher at times of
large negative Dst.

At any rate, these results suggest that, all other things being equal, EMIC waves would
be more likely in the plasmatrough at solar minimum. Of course, “all other things” are
not always equal. But under conditions conducive to EMIC waves, especially large A}, and
Bjn, possibly enhanced by large n., EMIC waves should be more likely in the plasmatrough
during solar minimum than at solar maximum.

Recent results by Lee and Angelopoulos [2014] suggest that under some circumstances,
the He+ concentration can be much higher than that assumed in either of our models.
(See their Figure 7.) For the case described in this paper, at geostationary orbit at MLT
= 18, they find on average a low concentration of He+. But at large distances on the
nightside, and to a lesser extent in the morning local time sector, they find that the He+
concentration can be quite large, and that would also potentially have dramatic effects

on the EMIC wave properties.

5.5. Kinetic Effects on the Dispersion Relation

EMIC waves are thought to occur most often in the left hand polarized wave surface
above the crossover frequency. In Figure 10, the crossover frequency based on a cold
plasma is indicated by the dotted green curves using the formula of Uberoi [1973]. The
green squares indicate the kinetic crossover frequency found using WHAMP. There are
only two of these points shown. In other cases, we were not able to solve for the right
hand polarized waves using WHAMP. We find that sometimes the waves are driven below
the crossover frequency, for instance for the H+ band waves at the outer edge of the

plasmapause in the constant cold composition model. From Figure 10a, we see that the
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green square at w = 0.53 is definitely above the blue circles (denoting the observed waves
in the simulation at the earliest time).

Figure 11 shows the real frequency w/€)., and normalized growth rate /€, on the left
hand polarized wave surface. Noting the range of red color, indicating positive growth
rate, it is clear that the waves are growing at frequencies below the kinetic crossover
frequency at w = 0.53. In this case, the crossover frequency is near the upper edge (near
the high values of k) of the region in k space that is unstable. An interesting feature
of this wave surface is that it maintains its topological integrity at large values of ;5.
Based on cold plasma theory, we would expect the part of this surface above the crossover
frequency value to connect topologically to the right hand polarized surface at smaller k|
[Andre, 1985; Hu et al., 2010]. But this surface is entirely left hand polarized. Running
WHAMP with log,q(k1p1) = —1, and stepping log,,(k1p) with the last solution as an
input to the next, we are not able to get the solution to jump from the left hand polarized
surface to the right hand polarized surface, even with logarithmic steps in log,,(k.p)) as
small as 107°. Examination of the right hand polarized surface in this frequency range
(not shown) indicates that it exists as a significantly damped mode at small values of &,
and at larger values of k, it is heavily damped as it approaches the crossover frequency so
that WHAMP is not able to converge on a solution. Note that WHAMP converges on the
nearest complex frequency to the input frequency, so the imaginary part of the frequency
does influence the solutions that it finds. Evidence that the left and right hand polarized
surfaces are changing from the cold plasma situation may be that the green squares in

Figure 10 are significantly off from the dotted green curves.
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We varied the temperature of the various species to find out what is causing the anoma-
lous dispersion surfaces. If we set the temperature of all the species except ring current
H+ equal to 0.1 eV, the dispersion surfaces are like we have described above, including
that plotted in Figure 11. If we then lower the ring current H+ temperature to 0.1 eV, we
get the cold plasma dispersion surfaces including the transition at the crossover frequency
from left-hand to right hand polarized waves. This shows that in our case it is the finite
temperature of the ring current H+ that is causing the anomalous behavior.

This shows that cold plasma theory does not always accurately describe the topology
of the wave surfaces, as in this case, it clearly didn’t. Such a result may have severe
implications for ray tracing calculations. Chen et al. [2011] studied a H+/He+ plasma
and came to a similar conclusion. Their Figure le appears to show a change in connection
of surfaces as 0,p is varied, which we do not observe, but our surface with w > Qe
is similar to their upper dashed red curve for 6y = 15°. Chen et al. [2011], however,
reported that their results depended on “warm” temperature for the He+, whereas we are

finding differences from cold plasma theory with hot ring current H+ but very cold He+.

5.6. Cycle of Wave Growth

In 2007, there was a debate about the evolution of EMIC waves. Thorne and Horne
[2007] argued that EMIC waves complete their full wave growth in one transit toward the
ionosphere and then, as they become oblique, are heavily damped by electron Landau
damping so that no significant wave power is reflected. Khazanov et al. [2007] argued
that the waves do not complete their growth in a single transit and that there is some

reflection of wave power.
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In our case, the waves do complete their growth in one transit toward the ionosphere,
apparently favoring the position of Thorne and Horne, even without Landau damping
being included in the model. On the other hand, the plasma instability will not always be
as strong as it is in the case that we are simulating, and the noise level in our simulation is
larger than that in the real magnetosphere. So under more realistic conditions, the waves
will need more time to grow to large amplitude.

Secondly, we do see reflected wave power, albeit at an amplitude decreasing with respect
to time. This can be seen in Figure 6, columns a and b, but can be seen better in the results
presented by Hu et al. [2010]. This result would seem to favor the position of Khazanov
et al. But we do not have electron Landau damping in our simulation. This would damp
the waves at later times, especially considering that the scale lengths in radial structure of
our late time waves are moving toward grid scale corresponding to highly oblique waves.
Therefore our results, while relevant to this debate, are inconclusive, and more work will

need to be done in order to understand the realistic temporal evolution of the waves.

5.7. Comparison of Observed and Simulation Wave Spectra

Examination of Figures 4 and 6 shows the EMIC wave power and relative contribution
from the He+ and H+ bands will vary greatly depending on the spatial location, and
Figure 5 shows that the frequency spectrum can change with respect to time during an
EMIC event. Comparison of the results in our two runs shows that the wave power and
frequency spectrum depends strongly on the ion composition, and (6) shows that the wave
frequencies that are likely to be driven are dependent on the hot proton temperature and
the cold proton density. Thus it will be difficult to do an exact comparison between

observations and model results unless a complete set of observations is available including
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composition of hot and cold ions. In addition, no spacecraft was at the exact local time of
our simulation (MLT = 18) at the exact time of the simulation (June 9, 2001, 1900 UT).

For our purposes here, we simply show that at one location in the region of largest wave
growth the kind of wave spectra that results from our simulation is similar to spectra
that are observed. Fraser et al. [2005] showed EMIC wave spectra at several times during
June 9, 2001 (their Plate 2 and Figure 5). Here we plot in Figure 12a the waves observed
by the GOES 10 spacecraft at June 9, 2001, 2140-2150 UT when the spacecraft was at
MLT = 13, which Fraser et al. plotted in their Figure 5 (top right panel). Based on their
Figure 6, GOES 10 may have been in a high density region at that time (see the 01A and
080 tracks on their figure). The data was windowed, and three point frequency averaging
was applied.

In Figure 12b, we show a wave spectrum from the variable composition simulation at
t = 20s to 55s (a smaller interval than was used for Figure 12a) at L = 5.3 and MLAT
~ 8°. This location is in the plasmasphere where both He+ mode and H+ mode waves
are observed and the polarization is mostly left-handed (Figure 6, row B). This is also the
time of maximum wave power (Figure 6 and Figure 7). There are strong similarities
between the observed and simulated frequency spectra. Both spectra show peaks in
He+ band and H+ band wave power. The waves are dominantly left hand polarized
in both cases, though linearly polarized at the low frequency end of the H+ band waves.
Observed GOES spectra calculated during smaller amounts of time (not shown) generally
have sharper frequency peaks with larger wave power and may have different polarization
properties. For instance, during some smaller time intervals, the entire H+ peak had

left-hand or linear polarization.
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There are some significant differences between the observed and simulated frequency
spectra. The wave power for the simulated spectrum is larger. The wave amplitude in
the simulation is about 10% of the background magnetic field, which is large, but not
unrealistically so. In the simulation, the wave power in the H+ band is much larger
compared to that in the He+ band than for the observed waves. Based on Figure 6, row
B, the ratio of wave power in the He+ and H+ bands would vary greatly depending on
the exact spatial location. There is significant wave power observed by GOES 10 in the
O+ band (to the left of the leftmost vertical gray line in Figure 12a), apparently linearly
polarized, whereas we do not observe that in the simulation (Figure 12b). Perhaps the
most significant difference in the two spectra is the noise level. Our numerical noise level,
normalized wave power ~ 1074 is much larger than the observed noise level ~ 10~7. Both
the He+ band and H+ band wave spectra are well above the numerical noise, indicating

that they are well represented, but the wave power at higher frequencies is too large.

5.8. Summary

We have been able to run full scale simulations of EMIC waves with realistic particle
distributions. The most important results of our study are:

1. While an exact comparison between observed and simulated spectra is not possible
given the data available, we do find significant similarities between the two, at least at
one location within the region of largest wave growth (Subsection 5.7).

2. The plasmapause is not a preferred region for EMIC wave growth, though waves
can grow in that region (Subsection 5.1). The density gradient within the plasmapause
does, however, affect the orientation of wave fronts and wave vector both within the

plasmapause and in adjacent regions.
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3. There is a preference for EMIC waves to be driven in the He+ band within the plas-
masphere (or high density region), although they can also grow in the plasmatrough (low
density region). If present, H+ band waves are more likely to grow in the plasmatrough
(Subsection 5.3).

4. This fact, plus the L dependence of the frequency and possible time evolution toward
lower frequency waves can be explained by a simple model (Subsection 5.3).

5. Large O+ concentration limits the frequency range of, or even totally quenches,
EMIC waves. This is more likely to occur in the plasmatrough at solar maximum (Sub-
section 5.4).

6. Large O+ concentration can significantly affect the H+ cutoff frequency, and hence
the width in frequency of the stop band above .pye.

7. The finite temperature of the ring current H4 can make cold plasma theory insuffi-

cient for describing EMIC wave surfaces (Subsection 5.5).
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Figure 1. (a) Ring current H+ By, (b) ring current H+ anisotropy Ap, (c) base
10 logarithm of the cold density n. in ecm™3, and (d) the ratio of the EMIC instability
parameter ¥y, to the threshold value S,. The white solid line in (a) is along MLT = 18,
while the white solid curve in (d) is X,/S, = 1. The dotted white circles are at L = 3, 4,
5, and 6.
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Figure 2. (a) Ring current s, (b) ring current anisotropy As, (c) density in cm™
(d) the ratio of the EMIC instability parameter 3, to the threshold value Sy, for species
s. The solid curves show ring current quantities for H+ in black, He+ in blue, and O+
in red. The dotted curves show the cold density using the same colors for the constant

composition model described in the text. The two vertical gray lines in panel (c) roughly

delineate the plasmapause.
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Figure 4. For the time spans indicated at the right side of the figure (rows “A”, “B”, etc), wave power
normalized to the local magnetic field versus L shell on the horizontal axis and the parallel coordinate ¢ on the
vertical axis. The right three columns (“c”, “d”, and “e”) show wave power using the same constant color scale
(at right of column “e”) for the He+ band, the H+ band, and all frequencies, respectively. Columns “a” and “b”
also show the wave power in the He+ and H—|— bands, respectlvely, but in these panels saturated color corresponds
to maximum wave power in that panel and the hue of the color corresponds to the ellipticity using the scale at the
top left of the figure. The maximum wave power in each panel is listed under the panel label. The roughly vertical
curves in each panel are flux surfaces delineating the plasmapause as in Figure 2 and the roughly horizontal curves
show MLAT values of 10°, 20°, 30°, and 40°.
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Figure 5. Average wave power normalized to the local magnetic field per unit w/€Qepo
versus w/po for the time intervals indicated at the right side of each row (labeled “A”,
“B”, etc). The blue curves are left hand polarized wave power, while the red curves are
right hand polarized wave power. The left and right vertical gray lines in each panel are
respectively at the O+ and He+ gyrofrequencies. The panels in the first column (labeled
with “a”) show the wave power in the plasmasphere; the panels in the second column
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(labeled with “d”) shows the wave power averaged over the entire simulation domain.
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Figure 6. Same as Figure 4, but for the variable cold composition model with low He+
concentration and low O+ concentration in the plasmasphere, but high O+ concentration

in the plasmatrough.
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Figure 7. Same as Figure 5, but for the variable cold composition model with low He+

concentration and low O+ concentration in the plasmasphere, but high O+ concentration

in the plasmatrough.
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Simulation normalized to the equatorial ma he Central L~she 0; Z is the coordinate along theé
dipole axis while X is the radius in cylindrical coordinates. Each panel shows Bs/ By at the central time of one of
the first five time intervals plotted in Figure 4. The green curves that intersect Z = 0 are magnetic flux surfaces
at the plasmapause boundaries shown in Figure 2. The green curves roughly normal to these are at MLAT = 10°,
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Figure 9. The left-hand side of equation (6) versus W = w/, for ng = 0.77, nge = 0.20,

and no = 0.03.
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Figure 10. For (a) the constant cold composition model, and (b) the variable cold
composition model, normalized frequency w/(), plotted using a log scale versus L shell.
The solid blue curves are the unstable frequency based on (6); the blue asterisks show
the frequency of maximum growth rate predicted by WHAMP; the blue circles show the
frequency of waves observed in our simulations; the red solid curve shows the maximum
possible frequency based on (7); the dashed red curves show the cutoff frequency corre-
sponding to kj = 0 for left hand polarized waves; the upward pointing red triangles show
the cutoff frequency determined from WHAMP; the dotted green curves show the cold
plasma crossover frequency; and the green squares show the crossover frequency found

from WHAMP. The dotted vertical gray lines delineate the plasmapause while the dotted

horizontal gray line corresponds to w = .. and the bottom of each panel is at w = Q0.
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Figure 11. Based on calculations by WHAMP for the H+ mode at the outer edge of
the plasmapause in the constant cold composition model, black contour lines for w/Q,
and color for normalized growth rate /€, versus log,(k1p1) and log,o(kjp)), where p

is the gyroradius defined using the parallel thermal velocity.
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Figure 12. (a) Spectrum of normalized wave power per unit w/{), observed by GOES
10 on June 9, 2001, at 2140-2150 UT at MLT = 13, and (b) spectrum from our simulation
at 1900 UT at MLT = 18 with the variable composition model at L = 5.3 and MLAT
~ 8°. The blue curve shows the left hand polarized wave power, while the red curve shows
the right hand polarized wave power. The vertical gray lines are at the O+ gyrofrequency

(w/Qep = 1/16) and the He+ gyrofrequency (w/Qep, = 1/4).
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